Abstract -Hydrogels designed by biomimetism and bioinspiration have been considered as a promising biomaterial for biomedical applications due to their biocompatible characteristics. Though biomimetic or bioinspired hydrogels have been widely studied by biochemical analysis, so far the detailed organizations and properties of native natural hydrogels are still not fully understood. The advent of atomic force microscopy (AFM) provides a potent tool for probing the biological samples in their living states with nanometer spatial resolution, which offers new possibilities for addressing the biological and material issues at the nanoscale. In this paper, AFM was utilized to characterize the structures and adhesive properties of the natural hydrogels produced by the carnivorous plant sundew. AFM morphological images of the mucilage secreted by three types of sundew show the composite nanostructures of the mucilage (e.g., nanoparticles, nanofibers, and porous polymeric networks), which are correlated with the mucilage's adhesive features revealed by AFM force measurements and peak force tapping mechanical imaging. The research demonstrates the prominent capabilities of AFM in characterizing the nanoscopic structures and properties of natural hydrogels with unprecedented spatial resolution, which is useful for understanding the underlying mechanisms guiding the behaviors of natural hydrogels and will potentially benefit the studies of biomimetic and bioinspired biomaterials.
adsorbing large amounts of water [2] , about from 10-20% up to thousands of times their dry weight in water [1] . Hydrogels mimic native tissue microenvironment due to their porous and hydrated molecular structure [3] , which allows hydrogels to be widely applied in tissue engineering, such as soft contact lenses, biological adhesives in surgical procedures, wound dressings, fillers in clinical indications and so on [4] . Hydrogels can be broadly classified as natural materials (such as collagen, fibrin, alginate), synthetic materials (polyacrylamide (PA), polyethylene glycol (PEG)), and hybrid materials that combine synthetic and natural polymers (such as hyaluronic acid (HA), polypeptides) [5] . With the use of hydrogels as scaffolds, the differentiation of stem cells can be tuned [6] and the stem cell angiogenic capacity as well as stemness can be enhanced [7] . Owing to the tunable physical properties, controllable degradability and capability to protect labile drugs from degradation, hydrogels have been used as a powerful drug delivery platform [8] . The release rate of drugs encapsulated in hydrogels is controlled by the mesh size of the swollen polymer network, which has been an emerging frontier in drug design [9] . Hydrogels have also been used to model three-dimensional in vitro microenvironment of tumor vascularization, which allows evaluating the angiogenic capability of cancerous cells and tissues [10] .
In recent years, developing biomimetic or bioinspired hydrogels have promoted the studies of hydrogels for biomedical applications. Inspired by a defensive mucus secreted by slugs that strongly adhere to wet surfaces, Li et al. [11] have developed a tough adhesive consisting of two layers: an adhesive surface and a dissipative matrix, which could serve as effective biological sealants for diverse wet surfaces including heart with blood exposure. Inspired by the adhesion of mussels and geckos, Lee et al. [12] have developed a hybrid biological adhesive consisting of an array of nanofabricated polymer pillars coated with a thin layer of a synthetic polymer that mimics the wet adhesive proteins found in mussel holdfasts, which could maintain its adhesive performance in both dry and wet environments. Biological hydrogels constructed by protein-polysaccharide chains have been used to act as selective barriers that permit passage of particular objects but reject others [13] . Responsive biomimetic networks from polyisocyanopeptide hydrogels have been used to artificially mimic the intermediate filaments with all their characteristic mechanical properties [14] . Besides, studies by Zhang et al. [15] , [16] have shown that the glue secreted by carnivorous plant are naturally adhesive hydrogels, which has found potential applications in cellular tissue engineering.
Despite the wide studies of biomimetic and bioinspired hydrogels by traditional biochemical analysis, so far the detailed organizations and adhesion properties of natural native adhesives are still not fully understood. The advent of atomic force microscopy (AFM) provides a powerful tool for investigating native samples with nanometer spatial resolution [17] . In recent years, AFM imaging and indentation technology has been applied to characterize diverse biomaterials, including lignin [18] , chitosan [19] , spider silk [20] , cellulose [21] , and so on. In this work, AFM was utilized to investigate the structures and adhesion properties of three types of natural plant hydrogels, revealing that the natural plant mucilage significantly exhibited composite nanostructures which were correlated with the adhesion characteristics of the mucilage. The experimental results show the outstanding capabilities of AFM in observing the fine structures and mechanics of natural hydrogels with unprecedented spatial resolution, which improves our understanding of natural hydrogels and will be useful for the nanoscopic characterization of biomimetic and bioinspired biomaterials.
II. MATERIALS AND METHODS

A. Culture of Carnivorous Plant
Three types of sundew (Drosera capensis, Drosera burmannii, Drosera paradoxa) were used in this study. The three types of potted sundew were purchased from Shandong Guixiang Photoelectric Co., Ltd (Weifang, China). The potted sundew was cultured according to the protocol provided by the supplier. Sundew is a type of heliophile, and thus the potted sundew was placed on the window sill to receive the sunshine for growth. Besides, mineral-free water was used for the growth of sundew. In addition, the ambient temperature for sundew growth was in the range 20∼25 • C and the environmental humidity for sundew was in the range 50-70%.
B. Sample Preparation
After about one week of the growth of the potted sundew, the natural mucilage was produced by the leaf of the carnivorous plant sundew. The freshly cleaved mica (1 cm × 1 cm) was used to gently touch the mucilage, which yielded a thin layer of mucilage on the mica surface. The sizes among the mucilage dewdrops on the sundew leaves were close to each other (as observed in Fig. 1 ). In order to make the procedure of sample preparation reproducible as much as possible, each time the mica was controlled to touch only one dewdrop of mucilage on a leaf of sundew with a constant contact time (5 s). Then the mica was controlled to touch another one mucilage dewdrop with a different surface area. By repeating the procedure, sundew mucilage was coated at different areas on the mica surface. Then mucilage-coated mica was placed on the sample stage of AFM for AFM experiments.
C. Atomic Force Microscopy
AFM experiments were carried out with the use of a commercial AFM called Dimension Icon AFM (Bruker, Santa Barbara, CA, USA). AFM images were recorded at the peak force tapping mode. The AFM probes used here were also purchased from Bruker Company (Santa Barbara, CA, USA). The nominal spring constant of the cantilever is 0.4 N/m and the nominal resonant frequency of the cantilever is 70 kHz. The geometrical parameters of probe's tip are following: tip shape is conical, tip radius is 2-12 nm, and tip height is 2.5∼8 µm. In order to resolve the nanostructures (e.g., nanoparticles, nanofibers) of sundew mucilage and characterize the heterogeneous adhesion features of these nanostructures with high spatial resolution, we used this type of probe in this work.
Under the guidance of AFM's optical microscopy, the AFM probe was controlled to approach the specimen. Firstly force curves were recorded on the bare area of the substrate to calibrate the deflection sensitivity of the cantilever, which was then used to calibrate the exact spring constant of the cantilever by thermal noise method. For AFM imaging, the scan line was 512 and the sampling point of each scan line was also 512. The scan rate was 1 Hz. Sometimes in order to observe individual nanostructures of the mucilage, 0.5 mL ultrapure water (Milli-Q, Merck KGaA, Darmstadt, Germany) was used to gently wash the specimen. After air drying, the washed specimen was scanned by AFM. In the mode of AFM peak force tapping, the mechanical properties of specimen could be visualized [22] . During peak force tapping imaging, the AFM tip records force curves for each sampling points. By realtimely analyzing the force curves, the mechanical properties (e.g., adhesion force) of the specimen were visualized simultaneously with the topography image [23] . For quantitative analysis of the natural hydrogel's adhesion force, AFM probe was controlled to perform approach-retract cycle movement on the substrate, which produced force curves [24] . Force curves were recorded at three different loading rate (1 µm/s, 2 µm/s, 4 µm/s) of AFM probe. For each type of mucilage, force curves were obtained at different areas of the mucilagecoated mica. By analyzing the force curves, the adhesion force of mucilage was obtained [25] .
III. RESULTS AND DISCUSSION
Three types of natural plant hydrogel were used in this study for AFM investigations. In order to comprehensively characterize the nanostructures and adhesion of natural plant hydrogels, we chose three types of sundew which was able to produce natural hydrogels for AFM studies. Fig. 1 shows the three types of carnivorous plant sundew (capensis, burmannii, paradoxa). Ten days after the growth of sundew, mucilage dewdrop (denoted by the blue boxes in Fig. 1 ) produced by the sundew leaf was clearly observed (Fig. 1A) . Thirty days after the growth of sundew, more leaves significantly grew (Fig. 1B) . Each leaf (II-IV in Fig. 1 ) of the sundew is composed of many tentacles. The mucilage dewdrop was discernible at the end of each tentacle, as denoted by the blue boxes. Fig. 2A shows the schematic of a sundew tentacle. Mucilage is secreted by the stalked gland of the tentacle [26] . Comparing the three types of sundew used here, we can see that on the whole the number of dewdrop produced by paradoxa was much less than that of the other two types of sundew. By moving freshly cleaved mica to gently touch the mucilage, the mucilage was then transferred to the mica surface and formed a thin mucilage layer on mica, which was then used for AFM studies (Fig. 2) . Mica is a layered phyllosilicate and the layers are linked by potassium ions [27] . After cleavage, a fresh layer that was previously hidden inside the mica is exposed to the air, and the surface of the new layer is atomically flat and clean, which makes it an excellent support for the nanoscopic studies of biological systems. Hence, mica was used here as the substrate to support sundew mucilage for observing the detailed nanostructures and the adhesion characteristics of natural hydrogels by AFM. Fig . 3 shows the nanostructures of natural hydrogels prepared from the sundew capensis revealed by AFM. AFM images of native mucilage show two types of nanostructures which participate in the organization of mucilage, including nanofibers and nanoparticles (Fig. 3A, B) . Thin nanofibers (typically denoted by the white arrow in Fig. 3A ) and bundled nanofibers (typically denoted by the black arrow in Fig. 3A ) are observed. These nanofibers exhibit different organization behaviors, such as crossing (typically denoted by the white asterisk in Fig. 3A ) or parallel (typically denoted by the red asterisk in Fig. 3A) . Nanoparticles (typically denoted by the red arrows in Fig. 3B ) are found to attach onto the nanofibers. By washing the native mucilage-coated mica with ultrapure water, it becomes easier for utilizing AFM to obtain the morphology of individual nanostructures of mucilage. Fig. 3C and Fig. 3E clearly show the discrete individual nanofibers and nanoparticles respectively, which were recorded on the mucilage after washing. Fig. 3D is a longitudinal section curve taken along a nanofiber (denoted by the red line in Fig. 3C ). We can see many peaks in the section curve, indicating the heterogeneous structures of the nanofiber. The mixing and twisting of nanofibers (denoted by the yellow arrows) could be distinctly discernible from Fig. 3C . After washing, nanoparticles were also clearly observed (Fig. 3E) . In fact, Fig. 3C also shows nanoparticles (denoted by the red arrow). Fig. 3F shows three section curves taken along three different types of nanoparticles, denoted by the three lines in Fig. 3E . From the section curves, we can see that the heights of the three nanoparticles are about 18 nm (red line), 13 nm (green line), and 9 nm (blue line) respectively. We then measured the heights of different nanoparticles (for each type of nanoparticles, 50 nanoparticles were measured) and the statistical results (Fig. 3G) show the diverse types of nanoparticles with different sizes. Typical AFM images of the nanoparticles whose height were comparable to the bar values are shown above the bars in Fig. 3G . The heights of the nanoparticles were mainly in the range of 1∼25 nm. More AFM images of mucilage produced by sundew capensis are shown in the supplementary information (Fig. S1 ). Taken together, the results of Fig. 3 show that nanoparticles and nanofibers are commonly involved in the organization of mucilage secreted by sundew capensis, which may facilitate the flexible deformation of mucilage. We know that mucilage secreted by sundew is a natural sticky hydrogel [28] . Once the prey touches the mucilage, the prey is trapped in the mucilage. The physical struggle of the prey may cause the deformation of mucilage's nanostructures (such as nanoparticles and nanofibers) and the deformation of nanostructures may further help the sundew to tightly trap the prey.
The nanostructures of the natural hydrogel produced by the sundew burmannii are shown in Fig. 4 . Like sundew capensis, nanofibers (Fig. 4A(I) ) and nanoparticles (Fig. 4C(I) ) are also observed for the mucilage produced by sundew burmannii. Fig. 4A(I) , showing that the nanofiber is not homogeneous but heterogeneous, which is consistent with the results in Fig. 3D . The section curves (Fig. 4C(II) ) taken along nanoparticles (denoted by the three lines in Fig. 4C(I) ) show the diverse sizes of different nanoparticles. The heights of the three nanoparticles are about 7 nm (blue line), 8 nm (green line), and 10 nm (red line) respectively. Notably, porous polymeric reticulated structures are observed for the mucilage produced by burmannii, as shown in Fig. 4B(I) . Fig. 4B (II) represents two section curves taken along the nanofiber (the blue curve) and reticulated structure (the red curve) respectively, clearly showing the formed holes (denoted by the two-way arrows in Fig. 4B(II) ) in the reticulated structures. We can see that the depths of the three holes are about 8 nm, 6 nm, and 8 nm respectively. Extra AFM images of mucilage produced by sundew burmannii are shown in Fig. S2 . SEM has been commonly used for the characterization of hydrogels [29] , [30] , but SEM imaging requires the drying and gold-coating of the hydrogels, which inevitably cause the structural changes of hydrogels and thus cannot fully reflect the real structures of the hydrogels. Here, our results show that the nanostructures of natural mucilage hydrogel without extra pretreatments can be finely visualized with the use of AFM, which will benefit investigating the structures of hydrogels in their native states. Fig. 5 shows the nanostructures of the natural hydrogel produced by the sundew paradoxa. AFM images clearly show the nanofiber networks on the smooth mica background (Fig. 5A) . Fig. 5A(I) shows thin nanofibers and Fig. 5AII shows bundled nanofibers. Fig. 5A(III) shows three transverse section curves taken on three nanofibers in Fig. 5A(I) , indicating that the heights of the three thin nanofibers are about 0.3 nm (blue line), 0.6 nm (green line) and 0.8 nm (red line) respectively. Fig. 5A (IV) shows three transverse section curves taken on the nanofibers in Fig. 5A(II) , indicating that the heights of the three bundled nanofibers are about 0.8 nm (blue line), 1.1 nm (green line) and 2 nm (red line) respectively. Fig. 5A(V) is a longitudinal section curve taken along a bundled nanofiber denoted by the red box in Fig. 5A(II) , also showing the heterogeneous features of the nanofibers. Besides, AFM images visualize the nanoparticle patches on the nanofiber networks (Fig. 5BI) . The small-size scan results clearly show the nanoparticles which are largely distributed on the patches (Fig. 5B(II) ). From the profile curves, we can see that the height of nanoparticles on the patches is commonly in the range of 0∼2 nm (Fig. 5B(III) ). Supplementary AFM images of mucilage produced by sundew paradoxa are shown in Fig. S3 . Nanoparticles may play an important role in regulating the adhesive capabilities of natural hydrogels. Studies have shown that the addition of nanoparticles significantly enhances the sticky feature of hydrogels [31] , [32] . Here we can see that natural sticky mucilage secreted by sundew considerably contains nanoparticles and nanofiber networks, which may contribute to the adhesion of the mucilage. Fig. 6 shows the adhesion forces of the mucilage prepared from the three types of sundew measured by AFM force spectroscopy. Fig. 6A shows a typical force curve recorded during the approach-retract movement of probe in the vertical direction, which consists of two parts, including approach curve (black curve) and retract curve (red curve). The adhesion force between probe and substrate is equal to the magnitude of the force peak in the retract curve. Force curves were obtained at three different probe loading rates (1 µm/s, 2 µm/s, 4 µm/s). At each loading rate, 100 force curves were recorded at five different areas of mucilage-coated mica for each of the three types of sundew. Here, we measured the adhesion force of sundew mucilage in air rather than in water. When placing mucilage-coated mica in water, the mucilage is diluted and thus the structures of mucilage are then changed, which cannot reflect the real situations of native mucilage. Fig.6B shows the statistical results of the adhesion force of the mucilage prepared from three different types of sundew. A two-tailed student's t-test was applied to determine the significant differences of adhesion forces measured at different loading rates for each type of sundew. The results indicate that the measured adhesion force of mucilage is significantly dependent on the loading rate of probe. On the whole, the increasing of probe loading rate results in the larger measured adhesion force. Generally, due to the viscous behavior, the adhesion force measured by AFM in air on the specimen decreases as the increasing of the loading rate of AFM probe [33] . Here, the experimental results show the opposite phenomenon. This may due to the molecular interactions between AFM tip and mucilage. Studies have shown that the adsorption of adhesive hydrogel onto the surface involves the diverse molecular binding interactions [11] . Particularly, in 2006, a study on the mussel adhesion by AFM showed that the adhesion force of glue proteins significantly increased as the increasing of loading rate of AFM probe [34] . Here, during the interactions between mucilage and AFM tip, molecular binding may also take place, which may then cause the different adhesion force measured by altering the loading rate of AFM probe. Besides, we can see significant differences in adhesion forces among the three types of sundew. Paradoxa mucilage has the largest adhesion force, while capensis mucilage has the smallest adhesion force. The differences in adhesion forces among the three types of sundew mucilage may partly relate to their structural differences. From the AFM topographical images of mucilage (Fig. 3-Fig. 5 ), we can clearly see the different structural morphology of the three types of sundew mucilage. All of the three types of sundew mucilage considerably contain nanofibers and nanoparticles, while burmannii mucilage extra exhibits porous polymeric reticulated structures (Fig. 4B ) and paradoxia mucilage particularly exhibits the mixing of bundled nanofiber networks and nanoparticle patches (Fig. 5) . In fact, traditional biochemical studies via hydrolysis assay have shown that the mucilage from different types of sundew differs in the chemical organizations, including different sugar residues in the polysaccharides [35] . Therefore, the differences in chemical organization may then results in the different structures as well as the different adhesion forces, as observed by AFM here. Fig. 7 shows the direct correlation between the structure and adhesion force of sundew-secreted mucilage revealed by AFM peak force tapping imaging. AFM peak force tapping imaging is a powerful method for simultaneously obtaining the topographical information and mechanical information of the biological specimen and has been applied to diverse types of biological systems [36] such as cells [37] , proteins [38] and viruses [39] . Here, we used AFM peak force tapping imaging to investigate the relationship between the structure and adhesion force of the natural hydrogels produced by sundew. For the obtained adhesion force images (II in Fig. 7) , the color brightness in the adhesion force image indicates the adhesion force. Dark color means small adhesion force and bright color means larger adhesion force. Fig. 7A (I) is a topographical image of nanofiber network and Fig. 7A (II) is the corresponding adhesion force image, clearly showing that bundled nanofibers (denoted by the red arrows) have smaller adhesion force than thin nanofibers (denoted by the white arrows). Fig. 7B shows the AFM topographical image (I) and adhesion force image (II) of nanoparticle patches which attached on nanofiber networks. We can see that the nanoparticle patches (denoted by the red triangles) have larger adhesion force than the bundled nanofibers (denoted by the white triangles). Fig. 7C shows the AFM peak force tapping imaging results of porous reticulated structures. We can see that the adhesion force of the holes (denoted by the red asterisks) formed in the porous reticulated structures is significantly larger than the adhesion force of the nanofibers. Overall, the experimental results in Fig. 7 distinctly show the diverse adhesion forces of different nanostructures (e.g., nanofiber, nanoparticle, porous reticulated structures) which are contained in the organization of sundew mucilage, providing direct evidence for the close links between the structure and adhesion force of the natural plant hydrogels.
The experimental results presented here demonstrate the outstanding capabilities of AFM in the characterization of native natural hydrogels at the nanoscale with unprecedented spatial resolution. Materials found in nature combine many inspiring structures and properties, and biomimetism and bioinspiration has been a promising way for the design of innovative materials and systems [40] . In fact, developing bioinspired or biomimetic hydrogels has been an important strategy for addressing biological issues in diverse fields, such as tissue engineering [41] , regulating cell behaviors [42] , guiding cellular organization [43] , and drug delivery [44] . Viewed from this point, understanding the underlying mechanisms guiding the organization and functions of natural hydrogel will benefit the development and design of biomimetic and bioinspired hydrogel. Researchers have used AFM to investigate the fine structures of natural mucilage [45] , but the relationship between the structure and adhesion characteristics of mucilage is still poorly understood. Here, our results clearly reveal the composite nanostructures (including nanoparticles, nanofibers, and porous polymeric networks) in the organization of natural plant mucilage secreted by three different types of sundew, which are significantly correlated with the adhesion characteristics of the mucilage. The methods (such as plant culture, sample preparation, AFM imaging and adhesion analysis) established here can be applied to other types of natural or biomimetic hydrogels, which will be of significance for the better understanding of biomaterials.
Taken together, this work provides a method based on AFM to biophysically investigate native natural hydrogels from nanoscopic fine structures to quantitative adhesive analysis integrated with peak force tapping mechanical imaging, which complements traditional biochemical assays and will be particularly useful for the studies of biomimetic or bioinspired hydrogels.
